Summary. The ability of dissociated cells to reaggregate, grow in culture (in vivo) and differentiate cuticular structures following increasing doses of X-ray radiation has been studied.
Introduction
Ionizing radiations have been used in biology, both to elucidate the nature of biological targets and as a tool for inducing experimentally controlled variations. In Drosophila many studies have been reported on the effects of X-irradiation upon viability of somatic cells. Friesen (1936) , Waddington (1942) and Vill6e (1946) first evaluated the effects of X-rays upon growth, morphogenesis and differentiation of imaginal disks. However, analyses of cell viability in situ are limited by the fact that complete metamorphosis is altogether prevented at doses higher than 7 Kr. Horikawa and Sugahara (1960) demonstrated that isolated imaginal disks can withstand higher doses and even proceed in development when cultured in vitro, and Sehweizer (1972) studied the capability of regeneration and cell differentiation of irradiated disks cultured in vivo in unirradiated hosts.
In the present paper we shall evaluate the effect of variable doses of X-rays upon the ability of dissociated imaginal disk cells of Drosophila to aggregate, grow and differentiate when cultured in vivo.
Material and Methods
Wild type Drosophila melanogaster of the stock Vallecas (Madrid) was used throughout this study. Irradiation was performed with a Pbilips ~G 151 Be X-ray machine, working at 100 Kv, 15 mA through a 2 mm A1 filter, 150 r/rain, at a distance of 20 cm. Larvae and flies were irradiated in "plexiglass" tubes.
Late third instar larvae were used as donors of wing and leg disks. Dissociation and aggregation were performed as previously described in detail (Garcia-Bellido, 1967) . Aggregates were cultured in vivo in 2-day old mated female hosts for variable periods of time.
The size of the grown implants, henceforth called reaggregates, was measured in a chamber, defined by the slide surface, a window of a constant thickness, and the cover slip. In such a chamber variations in area, measured with a grid ocular, directly represent variations in volume (Hadorn and Garcia-Bellido, 1964) . At least two replicas of each dissociation were carried out per experiment.
Imaginal disks of larvae from two genetic stocks carrying the following cell marker mutants were used in the cell mixture experiments: multiple wing hairs (mwh) and ebony (e n) on the one hand, and yellow (y) and .singed (sn ~) on the other (for description of these mutants see Lindsley and Grell, 1968) . Cell mixtures were carried out with homonomous disks.
Results

1) Irradiation E]]ects on Intact Imaginal Disks
As a control for the main experiments we have studied the response of entire imaginal disks to variable doses of radiation (4, 8, 12 and 20 Kr) . Mature larvae were irradiated, their imaginal disks dissected out and subsequently transplanted into adult hosts for culture in vivo. A~ter 6 days the implants were recovered and, either studied histologically under a phase contrast microscope, or directly implanted into metamorphosing larvae for analysis of eutieular differentiation (Table 1) . With increasing doses the cultured imaginal disks show increasing histological signs of damage: necrotic cells with opaque cytoplasm, and cells of variable sizes with micronuclei and/or multinuclei. These abnormal cells and cellular debris accumulate in the internal cavity of the disk. The size of the cultured disks decreased relative to the original size with increasing doses of X-rays, although they can still be found following 20 Kr. Non-irradiated imaginal disks from mature larvae, cultured in the adult, do not grow beyond a maximal size corresponding to the prepupal size in ~itu (Garcia-Bellido, 1965 ). Apparently they do not overgrow following irradiation either. The metamorphosed implants show an abnormal general morphology with signs of incomplete segmentation. At doses of 8 Kr, and higher, chaetes did not differentiate. Trichomes become rare after 12 I~', although they can still be found, along with normal pigmented cuticle, at doses of 20 Kr (Table 1) . 
2) Irradiation E//ects on Dissociated Imaginal Disk Cell8
In the following experiments we studied the effects of different doses of X-rays upon cell reaggregation and growth of aggregates cultured in vivo. Fig. 1 shows the growth of non-irradiated aggregates cultured in adult hosts for variable periods of time. Histologically the cells in the primitive aggregate are lightly packed, surrounded by a non-cellular matrix (Garcia-Bellido, 1967 ). This appearance remains after 1 day of culture and only on the second day do they show the typical texture and histology of imaginal disk tissue. The size of the implant after 2 days is similar to that at the time of implantation, but it increases steadily, probably by cell proliferation, during the subsequent days reaching a maximal size, under the present conditions, at about 10-14 days. Its growth rate is high at first but decreases later on. The growth rate in the present experiment is higher than that described for mechanicMly-mixed imaginM disks and much higher than that for fragmented or intact disks (cutup. Fig'. 8 in Tobler, 1966) . This result supports earlier findings indicating that regenerative growth is directly related to the degree of cell dissociation.
Irradiation affects this regenerative growth. In several separate experiments we studied the ability of irradiated dissociated cells to reaggregate and to grow in culture. In an initial experiment irradiation was first applied to dissociatedand-aggregated imaginM disks immediately after they were implanted in the adult host. After 6-8 days of culture the recovered implants showed striking differences depending on the doses (Fig. 2) . Non-irradiated implants of the same dissociation were used as controls. Although doses of 1 Kr and 1,5 Kr did not affect the size of the recovered implants, we could not detect implants following irradiation with doses higher than 4 Kr, and recovery and size were strongly reduced with 2 Kr and 3 Kr. t~ecal] that these doses did not seem to affect cell viability or cell differentiation in intact disks. In principle the observed low recovery could be due to either a higher sensitivity of dissociated cells to direct X-ray damage or, alternatively, to inhibition of reaggregation resulting in dispersal and subsequent loss of the aggregated cells. Both alternatives were tested by the following experiments. We first tried to ascertain whether implant size and recovery improved when irradiation was delayed respective to implantation. Implants were allowed to grow for varying periods of time befoIe being irradiated and then cultured for an additional 6-8 days before being dissected for examination. Fig. 3 shows that a delay in the time of irradiation affects the recovery of aggregates. Thus, a dose of 5 Kr which leads to no recovery of 0 to 1 day old implants does not prevent recovery of 2-day old aggregates. As mentioned before, it is precisely after 2 days of culture when reaggregation is histologically visible in aggregates (GareiaBellido, 1967) . This result suggests that cell reaggregation rather than cell viability is affected by radiation. However, other results of the same experiment east doubt on this conclusion. As shown in Fig. 3 , dose as well as delay affect the size of the recovered implants. If reaggregation of the aggregate is completed by day 2 or 3 after implantation, irradiation later would be affecting an intensively growing cell population (see Fig. 1 ). Since the implants were dissected and measured 6-8 days following h'radiation, they should have reached the control size (100%) by this time if irradiation did not interfere with cell proliferation. This is obviously not the ease because increasing doses result in smaller reaggregates, suggesting that cell viability as well as cell reaggregation could be the primary causes of non-recovery of the implants.
These alternatives were explored in a further experiment. Old third instar larvae from an 1 day egg laying period were irradiated at different times before their disks were dissected, their cells dissociated, aggregated and implanted into adult hosts (Fig. 4) . The implants were first studied after 6-8 days of culture. In these experiments the relative size of the grown implants was calculated with respect to unirradiated parallel aggregates cultured for the same period of time (see Fig. 1 ). As a rule, larvae of the same culture were irradiated and used for subsequent dissociations. Since heavy doses of X-radiation delay pupation (Bourgin et al., 1956 ), presumably in the larvae which were used 24 and 48 h.
after irradiation the disks still correspond to those in late third instar larvae. When dissociation immediately follows irradiation of the imaginal disks the recovery yield of the implants resembles that of the previous experiment. However, in the 5 Kr experimental series an increasing delay between irradiation and dissociation greatly improves the recovery of the implants. This higher recovery could be due to two causes. On the one hand, it could reflect the improved ability of the same irradiated cells to reaggregate. On the other hand, reaggregation could occur among new cells arising by regeneration. The last situation was shown to take place in irradiated disks (Schweizer, 1972) . In the 10 Kr series recovery for reaggregation but not for cell viability apparently took place during the time between irradiation and dissociation. This result supports the first alternative.
A similar experiment was performed with already grown reaggregates, instead of imaginal disks, with similar results. After a period of 6 days of culture, adult hosts of the non-irradiated series were subsequently irradiated and their implanted reaggregates then redissociated, aggregated and implanted again in non-irradiated host flies. The hosts subsequently were irradiated with a single dose of 10 Kr. No implant was found in 43 examined hosts after 6 days of culture. This result further indicates t h a t the irradiated cells themselves rather t h a n secondary effects from the irradiated host are responsible for their behaviour in reaggregation.
We finally tested the capability of irradiated cells to reaggregate, grow and differentiate in mixed aggregates with non-irradiated cells. Larvae of the genotype mwh e were irradiated with increasing doses of X-rays (3, 6 and 10 Kr) and their imaginal disk cells immediately mixed with disk cells of non-irradiated y sn 3 larvae. Leg-leg and wing-wing homonomous aggregates were implanted separately. The mixed aggregates were cultured in the adult for a period of 6-8 days before being transplanted to larval hosts for differentiation after meta. morphosis. Cells irradiated with 3 Kr appeared in monotypic territories, but never did after irradiation with higher doses. However irradiated mwh e cells were found in mosaic territories with y sn s cells at all doses used. At the lowest dose (9 implants) small but frequent patches of mwh e chaetes and trichomes, making up approximately half of the differentiated structures, could be found. At the intermediate dose (7 implants), a low proportion ((1/10 to 1/21) of mwh e chaetes in leg territories (Fig. 5a ) and trichomes in wing territories (Fig. 5b ) appeared in small patches of few cells (up to 20-40) . At the highest dose (7 implants) no mwh e chaetes were found, while trichomes appeared rarely, scattered within y sn s wing territories in patches of very few (2-6) cells.
A comparison of the results in the mixing experiments with those of previous experiments indicates that whereas irradiated cells can be rescued by nonirradiated cells and appear in reaggregates, their ability to grow and differentiate is not improved under the same conditions.
Discussion
With increasing doses of X-rays the imaginal disk cells of Drosophila steadily lose their ability to reaggregate, to grow in cultures and to differentiate cuticular structures. The first process depends on the time of irradiation with respect to that of dissociation and aggregation. If irradiation is apphed within the first 2 days after dissociation and aggregation, doses of X-rays higher than 2 Kr prevent the reaggregation process. A similar result arises when irradiation precedes dissociation by less than 12 hours (cf. Figs. 3 and 4) . However, a delay in irradiation of more than 48 hours in the first case and a delay of more than 12 hours in the second allows the cells to reaggregate, grow and differentiate at doses as high as 10 Kr. This different behaviour indicates differences in the recovering ability for reaggregation between cells irradiated in intact disks and those dispersed and aggregated later. On the other hand we have seen that cells irradiated with 5 and 10 Kr can be found in mosaic structures trapped within unirradiated cells. These results taken together suggest that 1) cell reaggregation, but not cell viability is primarily impaired by X-irradiation and that 2) cell interactions between irradiated and non-irradiated cells in aggregates, seem to rescue the reaggregating ability of irradiated cells during the reaggregation process.
Thus, possibly, reaggregation depends on cellular processes which are more X-ray sensitive than those impairing cell viability. We do not know the nature of such recoverable cellular processes. It could indeed consist of a range of causes, from damage to cellular structures to impairment of cell physiological events (see for discussion Back and Alexander, 1961) . In this context it is interesting to mention that particulate elements seem to be in part responsible for the l~* reaggregation process of sponges (Humphreys, 1965) , and that inhibitors of synthesis and some cell disaggregating agents can also impair the same process (Moscona and Moscona, 1967) . However, our results cannot exclude the possibility of primary damage to structurally poorly defined adhesive properties of the cell surface (Steinberg, 1970) .
The present experiments only analyze proliferative growth of the irradiated cell population, as a whole. For the sake of discussion we have to assume that the behaviour of this population represents the additive effects of the fate of individual irradiated cells. Spreij (1971) has detected clusters of dead cells in imaginal disks irradiated with as few as 1 Kr. Schweizer (1972) has shown that growing male genital imaginal disks irradiated with 3-4 Kr exhibit extensive cell lethality, but if allowed to regenerate--demonstrated by clonal analysis--will form the entire set of adult structures typical of this imaginal disk. In aggregates, whereas doses up to 5 Kr applied to a growing reaggregate result in positive growth, higher doses prevent it and implants decrease in size (Fig. 3) . Thus, the effects of high doses of irradiation upon proliferative growth possibly reflect a compromise between the fraction of mitotically arrested cells and the fraction of them involved in regenerative growth.
Irradiation seems to affect cell differentiation also. Waddington (1952 ), Vill6e (1946 , Naville (1955) have shown that doses higher than 5 Kr prevent the normal formation of chaete organs. We have found 8-10 Kr to be the doses which completely suppress their differentiation. Trichomes on the other hand still differentiate after more than 20 Kr. The differentiation processes of both cuticular organs are possibly of comparable genetic complexity. Thus, their differential sensitivity to X-rays probably is due to the fact that the formation of a normal chaete organ requires 2 differential cell divisions, whereas trichomes are single cell cuticular processes (Stern, 1936; Lawrence, 1966) . It is tempting to assume that the cells of growing blastemas keep dividing after X-irradiation and some of their cells die in subsequent cell divisions, whereas others stall in the division cycle but are still able to proceed with their differentiation. This explanation may in turn help to understand the discussed observation that imaginal disks, as well as reaggregates, show a "negative growth" at doses higher than 10 Kr.
